Summary We compared vertebral fracture assessment by semi-automated quantitative vertebral morphometry measurements with the conventional semi-quantitative (SQ) grading using lateral CT scout views. The semi-automated morphometry method showed good to excellent agreement with the visual SQ grading by radiologists for identification of vertebral fractures. Introduction Semi-automated quantitative vertebral morphometry (QM) measurements may enhance management of osteoporosis patients by providing an efficient means to identify vertebral fractures (VFx). We compared identification of prevalent VFx by semi-automated QM to SQ grading.
Introduction
Vertebral fractures are the most common type of osteoporotic fracture, occurring in 30% to 50% of people over the age of 50 years [1, 2] . Vertebral fractures are associated with profound morbidity, such as pain and decreased function, and increased mortality. Moreover, the presence of a vertebral fracture is a strong predictor of future fracture at other skeletal sites, including the hip and radius [3] [4] [5] . As many as 20% of women with a prevalent vertebral fracture suffer a new fracture within 1 year [6] . However, despite the marked morbidity associated with vertebral fractures and their association with future fracture risk, prevalent vertebral fractures are often unrecognized on radiographs or quantitative computed tomography (QCT) scans, with as many as 40% to 87% of vertebral fractures unreported by standard clinical review [7] [8] [9] . As a number of therapies have been proven to reduce the risk of new vertebral fractures, methods are needed to improve the accuracy and efficiency of identifying vertebral fractures to improve fracture risk assessment and so that proper therapeutic intervention can be initiated.
There are three general approaches to identify vertebral fractures: (1) visual identification of fracture; (2) visual identification using either the semi-quantitative (SQ) grading developed by Genant et al. [10] or the algorithmbased approach for the qualitative identification of vertebral fracture (ABQ) developed by Jiang et al. [11] ; and (3) quantitative vertebral morphometry (QM), which was first developed in the 1960s [12] . Although Genant's SQ grading method has been considered as the gold-standard method for vertebral fracture assessment, and its use is recommended by the International Society for Clinical Densitometry (ISCD) for diagnosing fractures by DXA-based vertebral fracture assessment (VFA) [13] , it does have limitations, including the requirement for highly experienced readers and modest reproducibility between readers, particularly for mild vertebral fractures [14, 15] .
In comparison, vertebral morphometry is a quantitative method to identify vertebral fractures based on the measurement of distinct vertebral dimensions, calculating relative changes (or differences) in vertebral height as indicators of fracture. Its potential advantage over SQ or ABQ methods is that it calculates deformity percentages by directly measured vertebral heights. However, since the traditional QM method relies on the measurement of vertebral dimensions achieved by placement of six morphometry points on the vertebral body, disadvantages include the large time commitment to place six points on each vertebral body, potential variability in point-placement by different readers, and lack of ability to distinguish nonfracture vertebral deformities from fractures.
Altogether, there is still no universally agreed upon gold standard for vertebral fracture diagnosis, and there continues to be disagreement over the optimal approach for identifying vertebral fractures in clinical practice, clinical research, and clinical trials. It is possible that combination of visual SQ grading and more feasible QM approaches may enhance the strengths of each technique while minimizing their limitations, possibly improving the identification of vertebral fractures [16] [17] [18] .
Recently, there has been renewed interest in QM due to technical developments and introduction of algorithms for semi-automated placement of vertebral morphometry points. Thus, vertebral morphometry has been used for VFA by dual-energy X-ray Absorptiometry (DXA) [13] . More recently, semi-automated vertebral morphometry by shapebased modeling techniques was introduced, and found to be suitable for not only radiographs but also DXA-based VFA, and QCT lateral scout views [19, 20] . Using a semiautomated algorithm for vertebral morphometry, we previously reported good to excellent intra-and inter-reader reliability for vertebral height measurements assessed by non-radiologist readers [20] .
Our long-term goal is to improve assessment of vertebral fractures by determining the clinical utility of these novel semi-automated quantitative morphometry measurements. The objective of this study is to compare vertebral fracture assessment by semi-automated quantitative vertebral morphometry measurements with the conventional SQ grading using lateral CT scout views.
Methods

Study subjects
Subjects were selected from the community-based Framingham Heart Study Offspring and Third Generation Multidetector Computed Tomography (MDCT) Study [21] [22] [23] . QCT scans of the chest and abdomen were acquired in 3,529 participants (35-87 year) in the MDCT Study for assessment of vascular calcification. Volumetric computed tomography scans were obtained using an eightslice multidetector computed tomography scanner (Lightspeed Ultra/Plus, General Electric Medical Systems, Milwaukee, WI) operating at a tube voltage 120 kVp, tube current 320/400 mA (<220/>220 lb body weight), and gantry rotation of 500 ms. Scans had a nominal inplane voxel size of 0.68 mm and a slice thickness of 2.5 mm. The scout views used in the current study consisted of frontal and lateral low-energy 2D scanograms extending from the upper thoracic (T4) to sacral (S1) vertebral levels (Fig. 1) . A hydroxyapatite phantom (Image Analysis, Columbia, KY) was placed under each individual and scanned concurrently to allow conversion of Hounsfield units to equivalent concentration of calcium hydroxyapatite (grams per cubic centimeter). Integral volumetric bone density (grams per cubic centimeter) of the third lumbar vertebrae (L3) was measured from the lumbar scan using previously published algorithms [24] .
We used prevalent vertebral fracture status for each participant, determined by radiologists' semi-quantitative evaluation (see below for methods), and aimed to select a subset of participants, aged 50 years and older, including 30 men and 30 women with prevalent mild vertebral fractures (SQ 1), 30 men and 30 women with prevalent moderate or severe vertebral fractures (SQ 2 or 3); and for each person with fracture, an age-and sex-matched control with no prevalent vertebral fractures. For subjects with multiple vertebral fractures, the vertebral level with the worst fracture severity was used to classify the subject. Whereas we were able to select the desired number of subjects for prevalent SQ 1 fractures, there were only 22 men and 20 women with prevalent SQ 2 or 3 fractures. Thus, the total sample included 104 men (30 with SQ 1, 22 with SQ 2/3, and 52 age-matched with no fracture) and 100 women (30 with SQ 1, 20 with SQ 2/3, and 50 age matched with no fracture), ranging in age from 50 to 87 years. Body weight (kilograms) and height (centimeter) were measured and used to calculate body mass index (BMI, kilograms per square meter).
Prevalent vertebral fracture assessment by visual semi-quantitative method
Lateral CT scout views were used to identify prevalent vertebral fractures in all 3,529 participants using Genant's semi-quantitative algorithm [10] . We previously reported good reliability (k = 0.59 to 0.69) for assessment of prevalent vertebral fractures applying this method to lateral CT scout views [20] . Two experienced radiologists graded the lateral scout views for prevalent vertebral fractures: no fracture (SQ 0), mild (SQ 1), moderate (SQ 2) or severe (SQ 3) fracture. Radiologists were blinded to subject age, and each evaluated approximately half of participants. CT images identified with a vertebral fracture of any severity were re-evaluated by both radiologists together to generate a consensus fracture score based on visual SQ grading.
Prevalent vertebral fracture assessment by semi-automated quantitative morphometry
Semi-automated quantitative vertebral morphometry was performed by a non-radiologist clinician using a modelbased shape recognition technology (SpineAnalyzer, Optasia Medical, Cheadle, UK), as described in previous reports [19, 20] . Briefly, the operator identifies the center of each vertebral body from T4 to L4, and then the algorithm provides detailed annotation to define the shape of each vertebra, from which it derives standard six-point morphometry ( Fig. 1) . The operator then reviews the annotation and morphometry points, and adjusts them if necessary. Minor adjustments are frequently needed in subjects with moderate to severe vertebral deformities, whereas few adjustments are needed in subjects with no deformities. The average time to analyze a single subject is approximately 5 min [19, 20] . The six morphometry points are then used to compute vertebral heights, vertebral height ratios, and deformity percentages indicative of vertebral fracture by the semi-automated algorithm based solely on standard six-point morphometry. Specifically, we measured posterior (h P ), anterior (h A ), and mid-vertebral height (h M ), and used vertebral height ratios and deformity percentages to classify fracture types such as wedge, biconcave, and crush fractures, the latter being based on Black et al. [25] . Vertebral fractures were identified based on deformity percentages derived from morphometry alone, using the thresholds suggested by Genant's SQ scale as a guide: no fracture (SQ 0, <20% deformity), mild (SQ 1, 20%≤deformity<25%), moderate (SQ 2, 25%≤deformity< 40%), and severe (SQ 3, deformity≥40%).
Statistical analysis
We compared demographic data such as age, height, weight, BMI, and integral vBMD stratified by sex and by visual SQ grading using analysis of variance and post hoc testing. We compared agreement between vertebral fracture assessment using semi-automated QM measurements and visual SQ grading done by the radiologists using a kappa statistic and associated 95% confidence interval (CI) [26] . We considered k>0.75 as excellent agreement, 0.40-0.75 as fair to good agreement, and <0.40 as poor agreement beyond that expected by chance as characterized by Fleiss [27] .
Analyses were performed considering the person as the unit of analysis and the vertebral level as the unit of analysis. For analysis conducted on a person level, we classified each individual who had more than one fracture according to the fracture of greatest severity. For the per-vertebra analysis, we evaluated potential differences in agreement by spinal regions by conducting a stratified analysis by spinal region: T4-T9, T10-T12, and L1-L4, as previously reported [28, 29] . We used two dichotomous definitions of prevalent vertebral fracture: [1] SQ≥1 (mild, moderate, and severe) vs. SQ 0 (no fracture), and [2] SQ≥2 (moderate and severe) vs. SQ 0 (no fracture). In the comparison of SQ≥2 (moderate and severe) vs. SQ 0 (no fracture), SQ1 (mild fractures) were excluded from analysis. We also computed the percent agreement (% Agree), sensitivity (SE), specificity (SP), positive predictive value (PPV), and negative predictive value (NPV) with the SQ grading as the gold standard. The equations for predictive values are as follows where TP is true positive, TN is true negative, FP is false positive, and FN is false negative.
Sensitivity (SE)=TP/(TP+FN) Specificity (SP)=TN/(FP+TN) Positive predictive value (PPV)=TP/(TP+FP) Negative predictive value (NPV)=TN/(FN+TN) Percent agreement (% Agree)=(TP+TN)/(TP+TN+FP+ FN)×100 Statistical analyses were conducted using SPSS (SPSS Inc., Chicago, IL, USA) and p value<0.05 was considered significant.
Results
Subject description and demographic data
Among 204 subjects, two men and two women were excluded due to scoliosis or poor scan quality, leading to a final sample of 200 subjects. One hundred and two subjects had no fracture by visual SQ grading (52 men and 50 women), 57 subjects (29 men and 28 women) were identified with a mild fracture (SQ 1), and 41 subjects (21 men and 20 women) were identified with a moderate or severe fracture (SQ 2 or 3). Of the 2,600 vertebrae evaluated by the readers, 12 vertebrae were unreadable by all readers, and thus, excluded from the analyses. Among the remaining 2,588 vertebrae available for each of the readings, 8 vertebrae (0.3%) from the semi-automated QM and 61 vertebrae (2.4%) from consensus visual SQ grading were unreadable and classified as normal (SQ 0), respectively. Thus, 2,432 vertebrae were SQ 0 by visual grading (1,233 M; 1,199 W), 107 were SQ 1 (62 M; 45 W), and 49 were SQ 2 or 3 (24 M; 25 W). The mean age of the 200 subjects was 65.8±8.9 years. Women with moderate and severe vertebral fractures were shorter and older than those with mild vertebral fractures, and had lower integral bone density than those with no fracture or mild vertebral fractures (Table 1 ). Other variables were not significantly different among the three groups.
Per-person analysis between semi-automated QM measurements and the consensus visual SQ grading
The semi-automated morphometry-based method identified fewer mild vertebral fractures and more severe vertebral fractures compared to the radiologist consensus SQ readings (Table 2) . Per-person analysis comparing semi-automated QM and the consensus visual SQ grading for prevalent fractures showed good to excellent agreement when comparing SQ 0 vs. SQ≥1. In particular, k=0.780, 0.824, and 0.734 for T4-L4 in all subjects, men, and women, respectively ( Table 3 ). The percent agreement between morphometry and visual grading was 86.7% to 91.2%, the sensitivity was 81.3% to 96%, and the specificity was 86.7% to 91.2%. The positive predictive value was slightly higher in women, but the negative predictive value was slightly better in men. Per-person agreement analysis for SQ 0 vs. SQ≥2 fractures showed excellent agreement between the methods, with k=0.824 to 0.923 (Table 3) .
Per-vertebra analysis between the semi-automated QM measurements and the consensus visual SQ grading Per-vertebra analysis revealed fair to good agreement between the two methods comparing SQ 0 vs. SQ≥1, and did not vary substantially by vertebral region (Table 4 ). For example, for T4-L4 in all subjects, men and women, k=0.580, 0.594, and 0.560, respectively. The overall percent agreement, specific- ity, and negative predictive value were better, but the sensitivity and positive predictive value were worse compared to the per-person analysis. Among the different spinal regions, the k, sensitivity, and negative predictive value tended to be better in the L1-L4 region in all subjects, and in both men and women. Similar to what we observed in the per-person analyses, the agreement and validity parameters improved when a fracture definition of SQ 0 vs. SQ≥2 was considered, but was still only fair to good with k=0.659.
Discussion
In this study, we aimed to determine the potential clinical utility of semi-automated QM assessment of prevalent vertebral fractures by comparing it to conventional visual SQ vertebral fracture grading using lateral CT scout views. We found that the semi-automated QM provided excellent agreement with SQ identification of prevalent vertebral fractures in the per-person analysis, and fair to good agreement for the per-vertebrae analysis. We previously reported intra-and inter-reader reliability of semi-automated vertebral morphometry measurements and morphometry-based fractures using lateral CT scout views [20] . The semi-automated algorithm provided excellent intraand inter-reader reliability for vertebral height measurements (intraclass correlation coefficients=0.96-0.98). The semiautomated algorithm also provided good reliability for vertebral fracture assessment based solely on QM (k=0.59 to 0.69) that was comparable with previous reports for SQ vertebral fracture grading by radiologists [29] . We also confirmed the rationale for performing semi-automated measurements (i.e., those with operator intervention to adjust morphometry points as necessary) rather than fully automated measurements by demonstrating poorer reliability when the morphometry points were not adjusted, particularly in vertebrae with moderate or severe fractures [20] .
There have been several studies showing reasonable agreement for the identification of prevalent and incident vertebral fractures by quantitative morphometry of radiographs or lateral DXA images versus the visual SQ grading [31] [32] [33] , and one prior study comparing the SQ assessment of vertebral fractures using CT lateral scout views to that with conventional radiography [28] . However, little is known about the validity of applying semi-automated quantitative morphometry to CT lateral scout views in comparison with the visual SQ grading of the same images. In the current study, per-person analysis showed excellent agreement (k=0.73 to 0.82) between the two techniques, with the percent agreement ranging from 87% to 91%. The k kappa statistics, % Agree percent agreement, SE sensitivity, SP specificity, PPV positive predictive value, NPV negative predictive value k scores and percent agreement were higher than per-person analyses in previous studies comparing prevalent vertebral fracture detection using Genant's SQ criteria applied to DXA-based VFA versus lateral radiographs in postmenopausal women [34, 35] . Whereas agreement between two different imaging techniques (DXA-VFA vs. radiographs) may be anticipated to be lower than the agreement between two different methods applied to the same image data (current study), the results here are comparable to the agreement reported in the aforementioned studies.
In general, we found fair to good agreement (k score= 0.58) between the QM-based approach for identification of prevalent vertebral fractures and the visual SQ reading in by-vertebra analyses. There are no prior data comparing semi-automated vertebral morphometry with SQ grading on a per-vertebrae basis, so we compared our results to previous reports on standard vertebral morphometry compared with SQ grading applied to radiographs. Although the k scores of per-vertebra analyses were lower than those of per-person analyses in our study, they were comparable to a prior study (k scores from 0.65 to 0.82) when four different morphometry analyses with commonly used cutoff thresholds were compared to SQ reading on radiographs [32] . It is noteworthy that our results were comparable to this previous study, despite the poorer resolution of CT lateral scout views compared to radiographs. Among the different spinal regions, L1-L4 showed the highest k scores and percent agreement in all subjects and both genders, similar to previous reports [29, 36] . Moreover, the percent agreement, specificity, and negative predictive value were generally higher in per-vertebra analyses compared with per-subject analyses which suggest that this new semiautomated QM algorithm showed higher power to exclude true negatives in the per-vertebra analysis, whereas it diagnosed more true positives in the per-person analysis.
Prior studies have investigated different deformity thresholds for defining vertebral fracture according to morphometric criteria, and reported k scores between quantitative k kappa statistics, % Agree percent agreement, SE sensitivity, SP specificity, PPV positive predictive value, NPV negative predictive value morphometric-defined vertebral fractures and SQ-methods ranging from 0.53 to 0.75 and agreement of 89.6% to 96.4%, results which are similar to our data generated with deformity thresholds based on Genant's criteria [18, 37] . To determine whether agreement between the two approaches for vertebral fracture identification would be better if only moderate and severe fractures were considered, we also analyzed SQ 0 vs. SQ≥2 in per-subject and per-vertebra analyses. We found higher k scores and other validity parameters such as percent agreement, sensitivity, specificity, and negative predictive value compared with those of SQ 0 vs. SQ≥1 in both per-subject and per-vertebra analyses. This is expected as mild vertebral fractures are challenging to detect by most methods. Thus, the semi-automated algorithm used in our study showed relatively reasonable validity using a commonly used threshold adopted from Genant's SQ grading. Increasing the threshold of deformation used to identify a fracture might lead to higher accuracy than the standard cutoff points, though additional work is needed to explore this strategy.
There are a few limitations that must be considered when interpreting the results. Our vertebral morphometry measures and fracture assessments were based on lateral CT scout views, which are not yet currently used in routine practice for assessment of vertebral fractures. QCT scans are being used more commonly for other clinical reasons, and may be useful for identification of vertebral fractures in clinical practice as well as in osteoporosis research studies. Unlike many previous studies that used radiographs, in the current study the vertebra levels were not marked on the images, and therefore the identification of specific vertebral levels may have differed between the radiologist SQ and the semi-automated QM readings. This might have contributed to the poorer agreement found using the per-vertebra analysis compared to the per-subject analysis. To explore this, we carefully reviewed the level-by-level fracture identification. We identified ten subjects in whom the vertebral levels likely differed between the SQ and morphometry assessments. After correcting this mismatch, the per-vertebrae k scores improved from k=0.58 to k=0.64 (95% CI; 0.58, 0.70) for SQ 0 vs. SQ≥1 and from k=0.66 to k=0.73 (95% CI; 0.63, 0.82) for SQ 0 vs. SQ≥2, suggesting that indeed there was some mismatching of vertebral levels between the two techniques. It should also be noted that good agreement between two techniques does not necessarily imply accuracy, particularly when there is no accepted gold-standard method, so the results should be interpreted with caution. Lastly, for the semi-automated algorithm we identified the prevalent vertebral fractures solely by quantitative morphometry, and therefore did not exclude any non-fracture deformities that would presumably not been identified as fractures by the radiologist SQ readings. This is a well-known, inherent limitation of current morphometry-based approaches, yet despite this, agreement between the two methods was reasonably good.
The optimal clinical use of the semi-automated morphometry algorithm has not been defined. However, because it can be performed by operators with limited training in a reasonable amount of time, these semi-automated morphometry measurements may be best used as a complement to SQbased approaches to identify vertebral fractures; for example, the triage approach which was applied by Black et al. [25] and McCloskey et al. [38] . The excellent negative predictive value suggests that this semi-automated morphometry may be useful in confirming vertebrae that are normal, thereby reducing the number of images that need to be reviewed by a reader with expertise in visual assessment of vertebral fractures. Furthermore, the quantitative morphometry measurements could be used in conjunction with semi-automated computer-vision based algorithms to identify fractures, as previously demonstrated [39] [40] [41] [42] [43] [44] .
The current study also has a number of strengths. Participants were members of a well-characterized community-based cohort making results generalizable to a Caucasian population. We did, however, include a greater proportion of subjects with fractures than would be found in a random population-based sample of similar age. This was done to increase the number of fracture cases in the study, thereby improving the accuracy of the reliability measurements. The range of fracture severity in our study allowed us to evaluate performance of the semi-automated QM algorithm in detecting both mild and moderate fractures. In addition, like our previous reliability study, a non-radiologist reader performed the semi-automated vertebral morphometry, thereby establishing the practical utility of semi-automated vertebral morphometry by technical staff and/or physicians at clinics who may not have advanced training in radiology.
Both clinical and morphometric vertebral fractures result in significant morbidity and are strong risk factors for future fracture, and thus, current underreporting of vertebral fractures is problematic and new methods to facilitate and enhance the detection of vertebral fractures are needed. The current results indicate good to excellent agreement between semi-automated vertebral morphometry-based assessment of prevalent vertebral fractures and an established semi-quantitative method. Semi-automated vertebral morphometry may complement current methods for identifying vertebral fractures.
